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INTRODUCTION
All living organisms possess a wide array of signalling pathways and regulatory networks to integrate environmental and genetic cues into growth, defence and developmental responses. Because of their sessile nature, escaping from adverse external stressors is not a possibility for plants. Therefore, they have developed responses to cope with the environment in which they grow, namely those to nutrient and water status, pathogens and predators and temperature variations. In addition, they use light as an energy source, which is both essential and hazardous, ever varying in quality and quantity ranging from daily cycles (night and day) up to seasonal extremes (Pierik and Testerik, 2014) . Plants have evolved highly efficient and sophisticated systems to sense and provide an adequate response to external stimuli; these are responsible for their adaptation and survival as well as for taking advantage of favourable external conditions for growth and development (Sparks et al., 2013) . The wide range of sensors, signal integrators, signal transducers and downstream effectors involved compose an intricate regulatory network of signalling pathways. There is a high degree of interaction and most of the systems are multigenic, which precludes simple and straightforward identification along with functional analysis of each of the molecular actors involved (Harrison, 2012; JacoboVelázquez et al., 2015) . In the last decades, classical genetics and transgenic approaches have contributed a relatively deep understanding of the systems. However, these strategies prove to have limitations when starting to deal with the combinatorial complexity of the systems and the multifactorial dynamic interactions between environment/signalling processing/deployed cellular responses.
Synthetic biology, a recently developed interdisciplinary approach at the interface between engineering and life sciences, can provide alternative theoretical-experimental strategies to tackle these constraints. This field applies basic engineering principles to the rational design of synthetic biological modules and systems for the construction of genetic switches and circuits, allowing the rewiring and manipulation of metabolic and signalling networks. It has already taken root in prokaryotic and eukaryotic systems, advancing from an electronic engineering inspired plug-and-play toy phase to the development of useful applications in basic research, biomedicine, drug discovery and synthesis of biopharmaceuticals, metabolic engineering, and biofuel production (Gardner et al., 2000; Elowitz and Leibler, 2000; Khalil and Collins, 2010; Weber and Fussenegger, 2012; Lienert et al., 2014; Brophy and Voigt, 2014) . In particular, the application of synthetic biology principles to the integrative research on biological signalling systems is a very young, dynamic and innovative field that has started to provide useful avenues to the study of plant regulatory networks (Osbourn et al., 2012; Cabello et al., 2014; Moustafa, K., 2014; Carmichael et al., 2015) .
In this review we focus on synthetic biology approaches for the development and implementation of synthetic molecular tools and techniques to interrogate, understand and control signalling events in plants. We start by introducing ground-breaking genetic tools for
The sequence-specific synthetic TALE nucleases were engineered by Christian and colleagues (2010) by fusing i) TAL effectors, customizable sequence-specific DNA-binding domains from the plant pathogen Xanthomonas spp. (Boch and Bonas, 2010) , to ii) a FokI nuclease, which cleaves double-stranded DNA in a non-specific manner upon dimer formation (Sun and Zhao, 2013) . The TALE DNA binding domain (DBD) is composed of a succession of repeats differing in two amino acids, each conferring binding specificity towards a single DNA base (Chen and Gao, 2013) according to the following code: HD −> C, NI −> A, NG −> T, NN −> G, NS −> N (N = any base) (Boch et al., 2009 ). Recruitment of a pair of TALENs to the sequence of interest promotes DNA cleavage. The activity of the cellular DNA repair machinery can subsequently introduce frameshift mutations, insert double-stranded DNA if supplied, or generate large deletions leading to gene deactivation ( Figure 2A , illustrated for CRISPR) (Chen and Gao, 2013; Joung and Sander, 2013) . Synthetic TALE domains can be engineered to target any sequence of interest just by the combinatorial assembly of modules. TALENs are reliable and efficient molecular tools to obtain site-specific modifications, being an improvement and an alternative to the previously introduced ZFNs (Bibikova et al., 2003; Porteus and Baltimore, 2003) .
TALEN technology overcomes limitations of previously used approaches that failed to give consistent results or are time demanding (e.g. classical mutagenesis analysis, antisense technology). For instance, the bacterial blight defence response in rice is based on the activation, upon Xanthomonas oryzae infection, of a set of polymorphic genes conferring disease resistance. The identification and functional analysis of these genes is cumbersome, making the TALEN-based gene editing a useful experimental strategy by directly deactivating -in a precise manner -the putative elements in the defence response . Further examples include the successful TALEN-directed deactivation of two genes coding for the fatty acid desaturase 2 in soybean, leading to a healthier soybean oil containing reduced levels of unsaturated fatty acids (Haun et al., 2014) . Such modification was already attempted via RNA interference (RNAi), however with limited success due to the lack of control over specificity (off-target effects) and on the variable expression levels obtained, yielding a heterogeneous composition of fatty acids in the soybean seeds. In addition, this technology allows achieving stable germ line modifications, as recently performed in Arabidopsis thaliana via Agrobacterium-mediated transformation of the engineered nucleases by Forner et al. (2015) . Clavata 3 (CLV3), a member of a large gene family with a distinguishable mutant phenotypemisshaped siliques -, was targeted with high editing specificity resulting in loss-of-function mutations with up to 100% efficiency. The acquisition of mono-or di-allelic editing events as well as segregation of the TALEN-inducible cassette, leading to the conservation of the genetic modification without the presence of the nuclease, has already been demonstrated in maize by Char and collaborators (2015) .Nevertheless, the major drawback of TALEN-based approaches is the requirement of cloning a stretch of repetitive sequences, which, depending on the length of the target sequence, can be challenging: a single repeat targeting one DNA base is composed of 34 amino acids. This limitation motivates the implementation of adequate and efficient sequential assembly approaches for building the DNA binding domain, such as cloning technologies like Golden Gate/Golden Braid cloning Sarrion-Perdigones et al., 2011) , in combination with gene synthesis to allow performing long assemblies at reduced costs (Cermak et al., 2011) . Likewise, the generalized implementation of standardized highthroughput procedures like DNA assembly on solid-phase magnetic beads (Reyon et al., 2012) enables to speed up the process and minimize errors (Uhde-Stone et al., 2013) .
It is worth noting that the length of the target sequence also plays a role in the specificity of the targeting: the longer the sequence, the more specific the editing will be. The degenerate nature of the TALEN code -some of the modules used to target a specific base can also bind other nucleotides, albeit with lower efficiency -jeopardizes the precise action of the nuclease, leading to off-target effects. The use of available bioinformatics tools for TALEN design, such as Talvez, helps minimizing off-target binding (Garg et al., 2012; Pérez-Quintero et al., 2013) . As dimerization of the Fok1 domains induces double-strand DNA breaks, a suboptimal design of the spacer length between TALEN targets can also be the source of undesired editing events. This can be circumvented by the use of monomeric TALEN (Miller et al., 2011) . The efficiency of TALEN strongly relies on the TALEN DBD design and the choice of promoters used to drive their expression in planta (Forner et al., 2015) , as well as the DNA delivery method used for different plant species. Constitutive expression of TALENs has oftentimes been reported to be harmful/toxic for the plants (Forner et al., 2015) . The introduction of inducible expression systems (see below) can provide better control capabilities for the technology.
The exchange of the nuclease Fok1 for alternative synthetic domains can be used to develop DNA sequence-specific targeting tools for diverse applications (see Figure 2B ,C). For instance, Liu et al. (2014c) combined the high-specificity of the TALE DNA-binding domain with a viral transactivator (VP16) domain, developing a synthetic transcription factor (TF). Alternatively, fusion to a fluorescent protein can be used to monitor, with high spatial and temporal resolution, the organization of targeted repeated genomic elements in cultured cells and living
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organisms (Miyanari et al., 2013) . A chimera with the lysine-specific demethylase 1 was employed to induce histone de-methylation, leading to epigenetic modifications (reviewed by Bogdanove, 2014) . Introduction of other applications for the specific targeting of DNA loci already proved to be working in mammalian cells, such as a light-controlled inducible system relying on light-directed dimerization of TALENs. They might represent an experimental breakthrough for plant genetic engineering .
CRISPR/Cas9-based technologies
The CRISPR/Cas9 technology, engineered from the bacterial clustered immune systems (Wiedenheft et al., 2012) , is a convenient tool for gene editing allowing gene insertion, mutation or large DNA deletion (see Figure 2A) . It is based on the sequence-specific recruitment of a Cas9 endonuclease to DNA, mediated by base pairing complementarity between an associated shortguide RNA (sgRNA) and the target sequence (Cong et al., 2013) . The sgRNA sequence comprises 20 target-specific nucleotides, followed by the PAM (Protospacer-Adjacent Motif) sequence NGG, and a sequence required for Cas9 recruitment. The sgRNA directs the Cas9 nuclease to the target DNA, where it generates double strand breaks. The modification of the target sequence is then achieved by the non-homologous end joining or homology-directed repair machinery of the cell at the site of cleavage (for the molecular mechanisms involved, see Bortesi and Fischer, 2015) . Unlike TALENs and ZFNs, CRISPR/Cas9 also recognizes methylated DNA . This RNA-guided gene editing technique is already widely used for unravelling signalling pathways in animals and yeasts, as exemplified in the studies of neural circuit diseases in human induced pluripotent stem (PSCs) cells (Liu et al., 2016) , the mantle cell lymphoma cell survival mechanism in the bone marrow (Chen et al., 2016) or PSCs editing (Horii and Hatada, 2016) .
Despite the explosive development of applications reported in animal cells and even in vivo, CRISPR/Cas9 implementation is still in its early stages in plants. The main efforts performed until now are proof of principle studies, in plant cells and in planta, to characterize the tool in terms of efficiency and specificity. For instance, the targeting of a phytoene desaturase (PDS), whose disruption leads to an albino phenotype by promotion of chlorophyll oxidation, was successfully carried out by transient and stable expression in the model plants Arabidopsis (Shan et al., 2012) and Nicotiana benthamiana , as well as crops including rice, tomato and maize (Shan et al., 2013) . Recently, the general applicability of the system was demonstrated by efficient editing in woody plants (Fan et al., 2015) . Nevertheless, applications of the CRISPR/Cas9 technology to the study of signalling pathways have already started to be reported (Duan et al., 2015) . The transcriptional regulation mechanism of the gene of OsRAV2 (Oryza sativa related to abscisic acid insensitive 3 (ABI3)/viviparous 1 (VP1) 2), which in rice is exclusively expressed under salt stress, was investigated in an effort to identify the salt responsive element within its promoter. In vivo CRISPR-directed mutagenesis helped identifying and confirming the function of the G1-T regulatory element, located upstream from the OsRAV2 promoter, as responsible for conferring NaCl sensitivity (Duan et al., 2015) . This work shows the suitability of the CRISPR approach for the identification and fast determination of the function of a regulatory element in planta, which would be much more time consuming and labour intensive when employing classical approaches. The selection of the editing events, both for TALE-and CRISPR-based approaches, is a key factor to consider. The modification(s) can be monitored at i) genomic level by southern blot or polymerase chain reaction (PCR) However, low transformation/mutation efficiencies often reported in some plants pose experimental constraints that need to be overcome (2.1% and 15% mutation efficiency obtained by Li et al, 2013 and Shan et al., 2013, respectively) . Additionally, Cas9 tolerates 5' mismatches (Huang et al., 2014) and has an overall high cleavage ability that leads to cutting even in areas of suboptimal complementarity between the sgRNA(s) and their DNA target(s), together resulting in off-target effects. Nevertheless, efforts are being made to improve CRISPR efficiency in plants via i) Cas9 codon optimization to increase the expression rate of the enzyme, and ii) improvement of CRISPR targeting specificity with the development of free web tools for sgRNAs design. These latter include CRISPR-PLANT, a database allowing sgRNAs predictions to decrease off-target effects (Xie et al., 2014) , and CRISPR-P, which in addition to the potential offtarget regions, identifies mismatch sites for 20 annotated plant genomes (Lei et al., 2014) . The specificity of the cleavage has also recently been enhanced by mutation of the Cas9 catalytic residues leading to a nickase activity, generating only single strand DNA breaks. This implies that for a double stranded rupture of the DNA, two Cas9-nickases -each targeting one DNA strand -are required, thus doubling the sequence specificity from 20 nt up to 40 nt (Fauser et al., 2014) . In addition to reduce off-target effects, the Cas9-nickase is considered to induce a different and more precise repair mechanism than for double stranded DNA breaks, as already observed in mammalian cells by Dianov and Hübscher (2013) . Recently, a high fidelity CRISPR/Cas9 has been developed by introducing mutations to reduce the intrinsic affinity of Cas9 for DNA, which leads to the interaction relying mostly on the sgRNA base-pairing specificity (Kleinstiver et al., 2016) .
One of the strengths of CRISPR is the possibility of simultaneous multigene targeting. The target genes can have a different sequence -targeted with a set of sgRNAs -or can be identical (polyploidy) -targeted with a single sgRNA. The latter is exemplified by the targeting of PDS in the tetraploid cultivated potato, leading to rapid gene function determinations by directly engineering a homozygous mutant plant in one generation (Wang et al., 2015c ). The precise and multi targeting capability of CRISPR can be exploited to generate tools for specific targeting of genomic loci (reviewed by Bortesi and Fischer, 2015) . For instance, an engineered version of Cas9 with impaired endonuclease catalytic activity, dCas9 (Gilbert et al., 2013) , can be customized for different functions by fusing different elements to it: i) a fluorescent marker allowing the monitoring of a DNA locus of interest (not yet achieved in plants), ii) a binding partner for protein recruitment at a specific locus, for instance enzymes for histone modification and therefore control of chromatin remodelling/epigenetic changes (not yet achieved in plants) (see Figure 2B , exemplified for TALENs as it has not been yet applied in plants for CRISPR), and iii) transactivators or repressors for transcriptional regulation (already implemented in plants by Piatek et al., 2015, Figure 2C ). Other variants of the system, currently being developed and implemented in mammalian systems such as light regulation of CRISPR activity (using cryptochromes, Polstein and Gersbach, 2015; or phytochromes Nihongaki et al., 2015) , will expand the applicability and possibilities for precise and inducible plant engineering.
Inducible synthetic switches for the control of gene expression
To determine protein function within a complex signalling network, it is desirable to achieve a precise control on the protein levels, as well as time scale and spatial resolution of expression, which is difficult to achieve when using constitutive promoters or endogenous regulatory sequences. In the following, we will introduce recent applications of synthetic chemically and light-regulated (switchable) molecular devices for transcriptional control ( Figure 2D ). To continue, we explore a downstream layer of regulation, namely the control of protein expression exerted by short and long non coding RNAs, and the promising potential of engineering them for understanding and controlling signalling cascades. The posttranscriptional fate can also be manipulated with synthetic switches for controlled protein destabilization by external stimuli, e.g. hormones, chemicals, and light. This last regulatory layer will not be presented here as it was recently reviewed by Faden et al. (2014) .
Chemically-and light-regulated transcriptional switches
The ability to achieve a precise control of gene expression, up-or downregulation, is useful for studying the role of a protein within a signalling cascade. A common strategy is to vary the levels of a given component by transgenic approaches involving over expression (using constitutive or endogenous promoters), or by generating knock-down or knock-out mutants. However, the regulating capabilities of these approaches are limited (Moore et al., 2006) . Inducible systems based on chemically-regulated synthetic switches overcome the limitations of the above mentioned approaches (reduced quantitative and temporal control) (Weber and Fussenegger, 2011; Dutt et al., 2014; Liang et al., 2014) . Such systems will ideally include inexpensive and non-toxic inducers, orthogonal components to reduce possible interactions with endogenous elements, reliable control over the expression levels and high dynamic range, with low basal expression levels when inactive (reduced leakiness) (Ordiz et al., 2012 ; inducible promoters reviewed by Dey et al., 2015 and by Liu and Stewart, 2015a) .
Several chemically regulated systems have already been implemented in plants based on a wide range of inducers including hormones, antibiotics, ethanol, or even metals (Junker and Junker, 2012; Dutt et al., 2014; Liu et al., 2014b) . For instance, a widely applied synthetic switch sensitive to dexamethasone (DEX) consists of a fusion protein between the hormone-binding domain of the glucocorticoid receptor (GR) from rat to a heterologous DNA-binding domain (Aoyama and Chua, 1997). In the presence of the hormone, the GR undergoes a conformational change and the fusion protein is then translocated into the nucleus where it drives gene expression of a gene of interest from a cognate synthetic promoter. This inducible nuclear shuttle system was employed (Ohmori et al., 2013) in rice to investigate the mechanism of stem cells maintenance in shoot apical meristem during development. They induced the synthesis of a set of antisense RNAs targeting for degradation (silencing) mRNAs of proteins potentially involved in clavata signalling, design based on sequence homology with genes of known function in Arabidopsis (Lee and Torii, 2012; Stahl et al., 2013) . In this way, they identified FPC1 (floral organ number (FON) 2-like CLE protein1), a negative regulator homologous to CLV3, and WOX4 (wuschel-like homeobox 4) a wuschel (WUS) homologue which promotes stem cell identity.
Despite the clear advantages and experimental opportunities provided by these systems, they are not exempt of limitations. Some of the chemicals used as inducers, DEX for instance, have non-negligible toxicity in plants and can lead to developmental defects (Ouwerkerk et al., 2001) . Circumventing toxicity by short induction schemes or by the use of non-pharmacologic active components is not always feasible. In addition, the space resolution might be limited due to the diffusion processes involved. Finally, the systems are usually not readily reversible as it is difficult to remove the inducers. The intrinsic limitations of chemically inducible systems can be overcome by using light as inducer. The field of optogenetics, the development and implementation of synthetic molecular devices to control cellular processes with light, is revolutionizing experimental biology (Deisseroth, 2011; Hausser, 2014) . Several photoreceptors of plants and bacteria, sensitive to light of different wavelengths, have been engineered and applied mostly in animal cells to regulate a wide range of cellular processes ranging from membrane receptors up to protein kinase activity and protein stability (Zhang and Cui, 2015) . For instance, this approach has already been widely used to control gene expression in prokaryotes (Tabor et al., 2011; Ohlendorf et al., 2012; Olson et al., 2014; Ryu and Gomelsky, 2014) and mammalian cells . Moreover, by combining synthetic modules sensitive to three wavelenghts, UV-B, blue and red, the simultaneous and orthogonal control of the expression of multiple genes can also be achieved (Müller et al., 2013; Müller et al., 2014a) .
However, their application in plant systems lags behind: the fact that plants are perceptive and need to be exposed to different light conditions for growth and development hampers the straightforward implementation of such tools. Nevertheless, the application of an optogenetic system in plants for the red light-inducible control of gene expression, as a proof of principle, was demonstrated possible by Müller et al. (2014b) . The synthetic switch is a split transcription factor composed of Arabidopsis phytochrome B (PhyB) -a red/far-red light sensitive photoreceptor -fused to a transactivator domain, and the phytochrome-interacting factor 6 (PIF6) linked to a DBD. Upon irradiation with red light, PhyB undergoes a conformational change leading to its association with PIF6, thus reconstituting an active transcription factor. This results in the activation of expression of a gene of interest under the control of a cognate synthetic DNA sequence placed upstream of a minimal promoter (see Figure 2D ). Far-red light terminates this interaction, thereby ceding transcription of the target gene (Müller et al., 2014b; Ochoa-Fernandez et al., 2015) . The system has high dynamic ranges in plant cells (up to ca. 400-fold induction rates), low basal expression levels, and it is easily switched between on and off states. In addition, when complementing with far-red light, the system remains in the off state under white light illumination (ambient conditions) (Müller et al., 2014b) . This optogenetic tool was applied in cells to interrogate auxin perception and signaling by tightly modulating the levels of the auxin co-receptor protein transport inhibitor response 1 (TIR1): i) upregulation through its light induced overexpression, or ii) downregulation upon the synthesis of an antisense miRNA targeting its mRNA. The sensitivity of the auxin regulatory system was monitored with a genetically encoded quantitative auxin biosensor (Wend et al., 2013) . This pioneer work opens up perspectives for interrogating and deciphering signaling pathways in plants by the design of optogenetic devices as it is the case in mammalian cells (reviewed by Weitzman and Hahn, 2014; Zhang and Cui, 2015) .
Initially considered as part of the "junk DNA", non-coding RNAs (ncRNAs) -comprising small (sRNAs) and long RNAs (lncRNAs) -are actually key players of transcriptional and posttranscriptional regulation processes (Ku et al., 2015) and associated with a wide range of developmental, physiological and stress-related signalling networks in plants (reviewed by Guleria et al., 2011; Kumar, 2014) . The understanding of the functional mechanism of ncRNAs in the regulation of stress-related signaling pathways has contributed to the development of stress resistant crops by either overexpression or downregulation of microRNAs (Khraiwesh et al., 2012) .
MicroRNAs (miRNAs) and small interfering RNAs (siRNAs) are 20-24 nt, genetically encoded, single-strand RNAs that regulate gene expression by controlling i) the chromatin structure via DNA methylation and histone modification (Bond and Baulcombe, 2014; Holoch and Moazed, 2015) , ii) RNA stability (reviewed by Borges and Martienssen, 2015) , or iii) directly precluding translation (Brodersen et al., 2008) . Known to act as master regulators of signaling networks (Sunkar et al., 2012) , genetic engineering approaches involving the overexpression or downregulation of miRNAs, or the introduction of insensitive variants of the targets have been employed for the study of signalling cascades (Raghuram et al., 2014) as well as to generate stress tolerant plants (Younis et al., 2014) . Synthetic small RNAs can be tailor-designed for the study of protein function by a reverse genetics approach. For instance, the generation of loss-or gain-of-function mutants proved to be useful in pioneering works for the characterization of the direct repeat 12 (DR12) element, a homologue of auxin response factor (ARF) transcription factors (Jones et al., 2002) , and of Sl-IAA3 (indole-3-acetic acid), an auxin-regulated tomato protein also involved in the ethylene pathway (Chaabouni et al., 2009) . The disruption of the mRNAs contributed to the understanding of the interconnectivity between auxin and ethylene signalling in growth. Yu and colleagues (2014) have recently employed this approach to determine some of the players required for establishment of symbiosis between mycorrhizal fungi and rice: targeting by RNA interference confirmed the involvement of the DELLA Interacting Protein1 in mycorrhizal colonisation. A ratiometric method for quantitatively monitoring the efficiency of miRNA-directed knock-out at the mRNA and protein level, without relying on the usual targeted mRNAs level or direct phenotype, was developed by by implementing a dual luciferase assay. Despite the generalized use of sRNAs in model organisms and even crops such as banana (Vi et al., 2015) , these molecular tools often entail pitfalls. Variations in efficiency and specificity dependent on the degree of complementarity between the synthetic sRNA and the target sequence are observable in plants (Liu et al., 2014a) , leading to non-negligible, undesired off-target effects often precluding a correct analysis (Jackson et al., 2003) . Therefore, a thorough preliminary study of the targets at the genomic and transcriptional levels and in silico validation of the designs is required. The design of the synthetic sRNAs can be aided by bioinformatic tools such as Plant Small RNA Maker Site (P-SAMS), which upon the input of the target transcript of interest, yields several potentially effective, specific 21-nucleotide sequences of artificial small RNAs (Fahlgren et al., 2015) . A complete inventory of tools for analysing and designing small RNAs and their targets can be found in the work of Tripathi et al. (2015) .
It is important to note that in in planta applications, transgenic plants might express the sRNAs at different rates in individual cells/developmental stages, leading to a wide range of repression and thus resulting in different expression levels of the target protein. To circumvent this issue, a further layer of control can be added to the system by rendering the expression of the sRNAs under the control of an inducible system as exemplified by Müller et al. (2014b) (see "light regulated-transcriptional switches"). This promising approach allowed the precise manipulation and quantitative monitoring of the auxin signalling network through the control of the co-receptor expression levels.
In contrast to small RNAs, lncRNAs are, due to their larger sizes -ca. 200 nt -, harder to differentiate from the coding mRNAs. Although their role in regulatory processes has been uncovered in mammals, for instance in cancer development (Cheetham et al., 2013) , less is known about their involvement in regulatory mechanisms in plants. In principle, some of them act in a similar way in planta as in mammals, i.e. controlling, i) transcription by favouring or blocking the access of the regulatory sequences to transcriptional factors, ii) as mediators for protein complex formation or by chromatin modification, iii) post-transcriptionally by regulating the splicing machinery, sRNA induced silencing, protein interaction or protein complex formation by mimicry (reviewed by ). An additional function assigned to lncRNAs is to act as precursors of sRNAs (Yoshikawa, 2013) . However, the mechanism of function remains largely unclear.
The transcriptional control activity of lncRNAs in stress conditions has already been reported in Arabidopsis for the TFs auxin regulated promoter loop RNA (APOLO) and At4/induced by Pi starvation I (IPSI), involved in root development and phosphate homeostasis, respectively Csorba et al 2014; reviewed by Bazin and Bailey-Serres, 2015) . Well established plant database and online prediction tools like PLNlncbase and GREENC, offer a list of lncRNAs and their functions when known, (Xuan et al., 2015 , this article also lists public repositories; Paytuví Gallart et al., 2016) . As of today, there is yet no approach based on lncRNAs applied to the study of signalling pathways in planta. However, much research is currently being carried out by global lncRNA identification for a deeper understanding of lncRNAs function, e.g. in strawberry (Kang and Liu, 2015) or in tomato (Wang et al., 2015b) . The use of gene editing tools such as CRISPR might also be the key to unravel lncRNAs functional black-boxes (Basak and Nithin, 2015) . We anticipate that in addition to sRNAs, the engineering of lncRNAs will soon produce an experimental breakthrough for the study of regulatory networks and the engineering of growth and stress responses.
SYNTHETIC BIOLOGY STRATEGIES AND ORTHOGONAL PLATFORMS FOR STUDYING SIGNALING PATHWAYS
The large genetic redundancy and complexity of the signalling networks in higher plants represents an experimental limitation for the comprehension of the function of the individual components and the system as a whole (Cannon et al., 2004) . Such intricate pathways are best studied by simplification: in lower organisms, in isolated signalling blocks/modules or in completely heterologous systems, disposing of the environment complexity and factors likely to interfere with the study of the isolated actors. We describe here the application of synthetic biology strategies and a set of heterologous platforms that can be implemented to facilitate the analysis and signalling pathway dissection. These systems span a range of evolutionary distance and orthogonality, from other higher and lower plants, up to yeast, animal and in vitro systems. We discuss the suitability of the different strategies and the advantages and limitations of each of them (see Figure 3 and Table 1 ).
in planta
Choosing to use an alternative plant model for studying a part of a signalling network of a given plant presents the advantage of maintaining a generally conserved cellular environment while exhibiting some genetic differences, which may consequently aid in gene/protein function determination. In particular, the use of lower plants, such as mosses and liverworts, is gaining relevance as they are simpler organisms than land plants. They are preserving several conserved regulatory mechanisms with considerably reduced redundancy of components what facilitates the study. These approaches are not limited to the study of protein function but also of gene regulatory regions (Morey et al., 2012) .
Higher plants
By using different plant species -usually a well-established model plant -as an heterologous system to study plant signalling processes, there is normally no need to optimize the coding sequence of the protein of interest. Due to the close evolutionary relation between the organisms, proper expression and function of the gene of interest is assured, while profiting from the available genetic tools of the model plants. Arabidopsis constitutes an optimal heterologous plant system due to its fully sequenced and thoroughly characterized genome, the availability of a plethora of genetic tools and already gathered molecular and functional knowledge of a broad set of signalling pathways and regulatory networks (Lloyd and Meinke, 2012; Liu et al., 2013; Ravi et al., 2014; Petersson et al., 2015) . Working with a model plant like Arabidopsis is particularly useful when it comes to studying signalling components of slow developing plants like trees, or plants not readily amenable to genetic modification, therefore speeding up the process (Lloyd et al., 2015) . For instance, by performing functional complementation assays of the protein of interest in a genetic background knock-out for the gene of interest, Hoyerová et al. (2008) studied the function of like-auxin1 (LAX1) from the cherry tree Prunus avium. The cherry tree encodes, as Arabidopsis, both subfamilies of auxin carriers, LAX and AUX, and upon expression of PaLAX1 in aux1 Arabidopsis mutants, the auxin influx carrier activity was confirmed.
However, the high redundancy exhibited by Arabidopsis for certain gene families poses a limitation to this approach, as obtaining multiple knock-out mutants required for complementation assays is labour intensive and not always feasible. A further limitation of using Arabidopsis is exemplified in the case of the characterization of the soybean GmNAC004 (NAM, ATAF1/2, CUC1 domains) transcription factor in its role as a stimulant of lateral root development upon water deficit Quach et al. (2014) : constitutive expression of GmNAC004 in Arabidopsis did not lead to lateral root development in response to water deficit, as observed in soybean. Indeed in Arabidopsis, water deficiency represses the overall plant development, thus not showing the same stress response as in soybean. This highlights the need to be aware of the regulatory mechanisms involved in stress responses of the heterologous system of choice, as interaction with other pathways or redundancy of elements can prevent a correct understanding of a protein function. In addition, overexpression of a plant protein in other plants might induce competition for shared cellular resources (Mather et al., 2013; Gyorgy and Del Vecchio, 2014) or to gene silencing effects (Shaul, 2015) , thus posing a limitation to this strategy. Finally, the expressed recombinant protein is not safe from interacting with unknown/unidentified endogenous proteins, possibly leading to a misleading interpretation of the observations.
Mosses
The appealing feature of mosses, as organisms of choice to investigate signalling pathways of higher plants, is their simple morphological organization and genetic structure (Schaefer, 2002) . The lack of vascular tissues or flowers, however, limits direct developmental studies specific to higher plants. But some of the cellular and signalling processes are well-conserved, allowing successful dissection in this system and evolutionary studies. Certain regulatory networks often show a higher redundancy of components in higher plants than in mosses, as it is the case of light signalling: while Arabidopsis encodes five phytochromes, Physcomitrella patens has only one (Possart and Hiltbrunner, 2013). These simplified organisms more easily allow the derivation of useful functional, genetic and biochemical information on plant signalling networks for a straightforward analysis.
P. patens, whose genome has been fully sequenced and thoroughly assigned (www.mossgenome.org, Rensing et al, 2008; Zimmer et al., 2013) , has become a wellestablished platform for genetic studies with powerful available tools ranging from transformation to gene targeting, and might be considered as the plant equivalent of yeast cell systems (Schaefer, 2001; Strotbek et al., 2013) . Due to higher homologous recombination frequencies than flowering plants, targeted gene editing by disruption or integration of an exogenous gene is very efficient (Kamisugi et al., 2006; Strotbek et al., 2013) . Moreover, its life cycle is dominated by haploidy, facilitating the selection of mutants, a non-trivial task in higher plants possessing more complex tissue interactions and redundancy in their regulatory pathways, likely to mask the effect of loss-of-function mutations (Szövényi et al., 2014) . On top of that, its use is favoured by the flexible culture conditions compared to other mosses (Cove et al., 2009 ), but also due to the transparency and the large size of the cells (Thornton et al., 2005) .
The advantages provided by mosses is exemplified in the case of the study of two transcription factors of Arabidopsis, NAC and a MYB31, which according to bioinformatics analysis were presumed to be involved in drought stress responses. The regulatory role and cis-acting sequences involved could only successfully be determined upon introduction into P. patens, as in planta assays in Arabidopsis using classical genetics approaches failed to show drought resistance induction by these TFs, implying that other factors might also be involved in this regulatory pathway precluding a straight-forward analysis (Nakashima et al., 2014; Dubos et al., 2014) . Xu et al. (2014) applied moss protoplast cultures as a high-throughput quantitative platform for the identification of cis-regulatory elements targeted by plant TFs regulating proanthocyanidin biosynthesis: constructs comprising target promoter sequences upstream of a GFP gene, were introduced in moss alone or together with one or several TFs. The combinatorial analysis allows the identification of the direct targets of the TFs in a more precise and simple way than the in planta over-expression approaches normally used. This can be extrapolated to the study of more complex gene regulatory networks. The relatively close evolutionary relationship between moss and some higher plants, in opposition to the use of mammalian cells as an orthogonal system for instance (see "mammalian cells"), could lead to false positive assessments resulting from interplay between moss factors and the gene of interest under study. However, this likeness might also be of strategic advantage by providing appropriate expression conditions, stabilization or by the presence of particular proteins contributing to complex formation.
Heterologous systems
As described above, the transplantation of components to other green systems can provide useful insights into protein and networks functionality, however, in several cases the use of a more orthogonal platform is needed to minimize interferences between elements/pathways. We introduce here the opportunities provided by the introduction of proteins and reconstruction of signalling hubs in heterologous platforms including yeasts, Xenopus oocytes, in vitro systems, and mammalian cells. In addition to the orthogonality, there is a broad suite of synthetic switches available and methods to analyse and monitor the processes. We exemplify throughout for the case of two very well studied plant signalling networks which have no homolog in these systems, namely light and the phytohormone auxin signalling cascades. The superior experimental prospects provided by these approaches, to get a deeper insight into mechanistic and functional properties, are discussed in the context of the constraints imposed by more classical strategies.
Yeasts
Yeasts, e.g. Saccharomyces cerevisiae and Schizosaccharomyces pombe, are mainly used as versatile protein production platforms, however, they are also employed as an easy-tomanipulate single cell heterologous system due to i) their similar molecular, genetic and biochemical characteristics to higher eukaryotes, ii) the availability of a broad range of genetic and synthetic biology tools and approaches (Jensen and Keasling, 2014; Redden et al., 2014) , and iii) the low cost of culturing. In addition to genetic complementation assays for the study of protein function (Mehlmer et al., 2009; Kubeš et al., 2012) , yeast culture constitutes an appropriate and adaptable platform for performing large combinatorial screenings of proteinprotein, protein-metabolite and protein-DNA association with high-throughput methods (Walhout and Vidal, 2001; Pruneda-Paz et al., 2014; Feng et al., 2015; Mehla et al., 2015) . The popular yeast-one-hybrid (Y1H), Y2H and Y3H assays continue to provide useful insights into plant light and auxin signaling through the monitoring of protein interactions, as exemplified with the identification of PhyA binding partners (Liu and Howell, 2010; Sheerin et al., 2015) , the understanding of the molecular basis of auxin regulation (Calderon-Villalobos et al. 2012) or the interaction characteristics of Aux/IAA with the co-receptor TIR1 (Gilkerson et al. 2015) .
However, recent experimental approaches including the reconstruction of parts of signalling pathways as well as the application of synthetic switches and regulatory elements, already available for use in yeast cells, is currently helping to obtain a more complete description of regulatory networks of other eukaryotes. These strategies have recently started to gain interest for plant research. For instance, partial reconstruction of the auxin perception and downstream signalling has helped advancing our understanding of the hormone-dependent molecular mechanisms involved, which is otherwise cumbersome to study in planta (Figure 3 ). Coexpression of single Aux/IAAs (29 members in Arabidopsis) with any of the six F-Box receptors of the TIR1/auxin signalling F-box (AFB) family allowed the study of the auxin specificity of the resulting combinatorial co-receptor complexes formed (Havens et al., 2012) . Among the F-box proteins, TIR1 and AFB2 seem to be the main mediators of Aux/IAAs degradation (ShimizuMitao and Kakimoto, 2014) . A further step towards understanding auxin signalling was made by Pierre-Jerome et al. (2014) . They succeeded in reproducing a minimal auxin response circuit in S. cerevisiae, corresponding to a simplified version of the Aux/IAA regulated transcriptional pathway comprising: an AFB, an Aux/IAA, TPL, an auxin-depend TF of the ARF family and a cognate auxin-responsive plant promoter region from Arabidopsis controlling the expression of a reporter protein.
In addition to the reconstruction strategy above described, there is an array of molecular tools available in yeast, but still scarcely applied to plant signalling studies, for conditional protein suppression controlled with chemicals or light (see "inducible systems") (Renicke et al., 2013; Usherenko et al., 2014; Tanaka et al., 2015) . It is also possible to control the subcellular localization of proteins on command and therefore regulate their activity. For instance, nuclear exclusion is possible using the anchor away strategy, which targets a nuclear protein for export into the cytoplasm. The system relies on the rapamycin-driven association of two interacting binding domains, 12-kDa FK506-binding protein (FKBP12) and FKBP12-Rapamycin-binding domain (FRB), fused respectively to a highly expressed cytoplasm protein (anchor) and to the target protein (Fan et al., 2011) . The same principle directed by light, using a photoreceptor/interacting protein pair, can be used to achieve a more spatiotemporally resolved control over the nuclear exclusion of a protein of interest and/or the recruitment to other subcellular compartments as exemplified by Yang and collaborators (2013) . This nonexhaustive list of tools already available in yeast places this heterologous system as an easy to handle and promising platform for plant signalling studies.
Xenopus oocytes
Due to the complete lack of plant hormone transporters and the low endogenous ion transport activity (Terhag et al., 2010) , Xenopus oocytes are suitable for the identification and functional analysis of putative plant hormone and ion translocators Ben Amar et al., 2014; Léran et al., 2014; Saito et al., 2015) . Key advantages of using amphibian eggs include i) the efficient translation machinery allowing ectopic expression of microinjected synthetic mRNAs for direct validation and characterization of hypothetic gene functions, ii) rapid and external oocyte development permitting their access at the earliest stage of development, iii) the large size favouring microinjection techniques, iv) egg transparency facilitates the use of fluorescent microscopy for visual analysis, and v) the availability of a large number of eggs suitable for research at low cost. It is worth noting that it is usually necessary to perform a codon optimization of the plant cDNA sequences for optimal expression in frog oocytes (Feng et al., 2013) , which can be aided by online tools such as: http://www.kazusa.or.jp/codon/ and http://genomes.urv.es/OPTIMIZER/.
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Applications of this platform include the confirmation of the function and specificity of the highaffinity auxin uptake carriers AUX1 and LAX3 employing transport competitive assays using indole-3-acetic acid (natural auxin), the synthetic analogue 2,4-dichlorophenoxyacetic acid, and the transport inhibitor naphthoxy-1-acetic acid. However, monitoring of auxin uptake in the amphibian eggs requires lysis of the cells after manipulation to determine auxin accumulation, which precludes the live study of transport dynamics . Introduction of fluorescent quantitative biosensors can help in overcoming this limitation. The heterologous expression of glucosinolate transporter 1 (GTR1) reveals selective transport of both bioactive Ile-jasmonate and gibberellin3, confirming hormone signalling interconnection during plant development . This system is mainly used for ion flux studies, as ion currents can be traced by monitoring changes in electrochemical potentials in a non-destructive manner with electrophysiological techniques like voltage-clamp (Papke and Smith-Maxwell, 2009; see Maksaev and Haswell, 2015 for a protocol). This method is applied to study plant ion channel activation, as exemplified in the investigation of the role of a Ca 2+ -insensitive isoform of Ca 2+ -dependent protein kinases (CPKs) of Arabidopsis in stomata closure through the specific control of inward K + channel subunits KAT1 (potassium channel in Arabidopsis thaliana 1) and KAT2 , or the interactions of a slow anion channel 1 homologue 3 (SLAH3) with tip-localized pollen-specific CPKs (Gutermuth et al., 2013) . It is worth mentioning, however, that Xenopus oocytes are not readily available for non-specialized laboratories, their nuclei are easily damageable by microinjection and that current measurement interferences can occur due to endogenous channels (Sobczak et al., 2010) . Nevertheless, as shown in the applications described above, Xenopus oocytes constitute an interesting platform for studying plant metabolism and signalling, especially membrane transporter events.
in vitro
The use of in vitro systems to dissect molecular mechanisms of signalling processes is an alternative approach providing complementary information not easily obtainable in cellular systems or in vivo due to technical limitations, redundancy or interconnection with other components. It can be used both to validate hypotheses and to serve as a predictive tool. One example is the study of the regulation of the auxin transporter ABCB19 by the photoreceptor phototropin 1 (phot1). In planta analysis proved to be cumbersome, and simultaneous coexpression in either insect cells or S. pombe was unsuccessful. However, by mixing active phot1 purified from insect cells and ABCB19 produced in S. pombe membranes, Christie et al. (2011) demonstrated in vitro the targeted phot1-dependent phosphorylation and regulation of ABCB19.
In vitro approaches are employed particularly to evaluate protein-protein and proteinmetabolite interactions, kinetic properties and affinity constants, DNA binding affinities of transcription factors, and post-translational modifications of substrates (kinase activity/phosphorylation, ubiquitinylation, sumoylation) among other factors (Pan et al., 1999 Ramegowda et al., 2014 ). An absolute requirement for these experimental setups is the availability of the individual components of interest in a purified and active form, isolated from any other plant factors. It constitutes a minimal component system, and prevents
Accepted Article Accepted Article
interactions with other components that could hamper the investigation of the protein function (Lin et al., 2009) . The isolation or purification of the proteins of interest maintaining full functionality is, however, not always trivial. They can be obtained from i) plant material or their recombinant form expressed in heterologous systems -yeast, mammalian or bacteria (Mattanovich et al., 2012; Almo and Love, 2014; Rosano and Ceccarelli, 2014) or with ii) costeffective kits and methods for in vitro transcription and translation (Horvatovich et al., 2015) .
In a pioneering work, Calderon-Villalobos et al. (2012) quantitatively determined in vitro the binding parameters for auxin to the co-receptor complex by performing a combinatorial analysis of the affinity of a set of recombinant members of the Aux/IAA family and the TIR1/AFB F-box proteins for radioactive labelled auxins. The unexpected light independent interaction and phosphorylation of AUX/IAA proteins by PhyA was described by using this approach, also revealing a regulatory linkage between phytochromes and hormone signalling (Colón-Carmona et al., 2000; OuYang et al., 2015) . In vitro assays are widely used to study phytochrome signalling and have been key for the understanding of regulatory events as described in the following selected examples. It has been long known that, in order to perform its signal relay, activated PhyB needs to be localized to the nucleus. However, the transport mechanism was under debate, the major question being whether PhyB exposes a hidden nuclear localization sequence (NLS) upon conversion into the Pfr form or a carrier protein transports the photoreceptor to the nucleus, as it is the case for PhyA (Rausenberger et al., 2011) . By mixing purified PhyB and PIFs with isolated nuclei of the algae Acetabularia, collaborators (2009, 2012) were able to demonstrate the PIF-mediated transport of PhyB to the nucleus upon red light activation of the photoreceptor. Jang et al. (2010) studied the degradation of PhyB mediated by polyubiquitinylation by combining the protein-protein interaction validation of a reduced part of the signalling pathway and a progressive investigation approach. After verifying the interaction and observing in vitro ubiquitinylation of PhyB by COP1, they managed to identify the light-dependency and thus the preferred conformation of PhyB for COP1 activity, showing that the Pfr form was the target for degradation. Finally, addition of PIFs to the systems led to an increase in the affinity of COP1 towards PhyB, resulting in higher degradation rates of the latter (Jang et al., 2010) . By combining physiological, genetic and biochemical data, Sadanandom et al. (2015) demonstrated that light-induced SUMOylation of PhyB negatively regulates light signalling.
Mammalian cell systems
Mammalian cell systems are starting to become a popular orthogonal platform of choice for the partial and total reconstruction and analysis of plant signalling components. There is a wide range of expression vectors and analytical tools available that facilitate the experimental set up (reviewed by Lienert et al., 2014; Kelwick et al., 2014) . In addition, mammalian synthetic biology has been a very active field for the last decade having already yielded a plethora of synthetic molecular switches for controlling expression, stability, and localization of the alien proteins, quantitative readout systems and genetic engineering tools (Brophy and Voigt, 2014; Lienert et al., 2014) . Several plant regulatory networks, including light and hormone signalling, have no mammalian homologs, which guarantees high levels of orthogonality and thus reduced interference, allowing the establishment of minimal component systems. The high degree of orthogonality is however a major drawback for complex networks, requiring the addition of multiple components to recover the full functionality of the isolated actors. Despite these
Accepted Article Accepted Article
This article is protected by copyright. All rights reserved. convenient differential characteristics, it is normally not necessary to perform codon optimization of the constructs, as plant proteins are usually readily expressed and active in the most widely used cell lines (Beyer et al., 2015) . For this reason, they are often employed for the production of recombinant proteins for in vitro functionality assays. In the following we introduce selected examples of the implementation of mammalian cells for the "in cell" study of plant protein function and activity in the context of regulatory networks.
Upon co-expression of Ca 2+ sensor proteins of the Calcineurin B-like (CBL) family (CBL1 or CBL9) with their interacting kinases (e.g. CIPK26) in Human Embryonic Kidney 293T cells (HEK293T), Drerup et al. (2013) observed reactive oxygen species (ROS) production by the NADPH oxidase RBOHF. In this way, in combination with biochemical data obtained in plants, yeasts and in vitro systems, the authors could directly validate a functional interaction between CBL-CIPK-mediated Ca 2+ and ROS signalling networks Drerup et al., 2013) . Reconstruction of the auxin co-receptor complex in mammalian cells and the interfacing of biological modules (Aux/IAA proteins) with output signalling/reporter domains allowed Wend et al. (2013) to i) develop a genetically encoded quantitative sensor for monitoring auxin fluxes, and ii) engineer a synthetic switch that could serve as a proxy of the hormone signalling complex. This sensor can provide, in an in vivo system, valuable information on auxin binding affinities of the universe of possible combinatorial co-receptor complexes, complementing the data obtained in in vitro systems as discussed above (Calderón Villalobos et al., 2012 ; see "in vitro" systems) but in a faster and simpler experimental setup up. To further characterize the regulatory mechanism of ABCB19 activity by phot1, Christie et al. (2011) expressed both proteins in cervical cancer cells (HeLa). They could determine in a straightforward way that the light-dependent phosphorylation of ABCB19 by phot1 led to reduced auxin transport activity of the former, whereas phot1 had no effect on auxin efflux by the closely related ABCB1 protein. These results complement the experimental data obtained in planta, yeasts and in vitro (see "in vitro") and helped understanding the role of ABCB19 in phototropic growth in angiosperms. By expressing Arabidopsis cryptochrome2 (CRY2) in mammalian cells, Ozkan-Dagliyan et al. (2013) , observed that irradiation with blue light induced the formation of photobodies (PB) composed of the photoreceptors, as it occurs in plants. Formation of the CRY2-PB did not require any other plant protein or DNA sequence, however the mammalian COP1 E3 ligase was associated to the photoreceptor in a light dependent manner. A final illustration of the applicability of mammalian cell systems to the analysis of plant signalling processes is the validation in an in vivo cell system of the PIF3-mediated red light-dependent translocation of PhyB to the nucleus (Beyer et al., 2015) . Arabidopsis encodes 5 Phys and dozens of interacting factors (Li et al., 2011) , and this combinatorial complexity makes the study of the mechanistic aspects of the light-regulated differential translocation of Phys in planta a hopeless endeavour. In addition, based on the natural PIF3-PhyB light-regulated nuclear transport the authors developed an optogenetic tool for the spatiotemporally resolved light-controlled shuttling of proteins in and out of the nucleus, e.g. transcription factors, and successfully applied it in mammalian cells, mouse fibroblasts (NIH-3T3) and chinese hamster ovary cells (CHO-K1), and in zebra fish embryos. Further application of this optogenetic tool in mammalian cells can be of use for the study of plant TF activity, regulatory kinetics and effect of mutations, as well as post-translational modifications and interactions with other components selectively co-expressed.
We envision that the prompt implementation of synthetic molecular switches and synthetic biology approaches in mammalian cells to the study of plant signalling networks, by providing a fully and fine-tuned control over the introduced components, will allow obtaining a more precise regulation of the kinetics of the processes and derive quantitative information. For instance, the expression levels of individual components under study of a signalling cascade can be placed under optogenetic control (Zhang and Cui, 2015) , thereby being possible in combination with mathematical modelling, to explore the effects of varying compositions and kinetics of the system.
Perspectives
The first productive outcomes of implementing synthetic biology strategies have already demonstrated the ground-breaking potential for the mechanistic and functional understanding of signalling networks in plants. We anticipate that the introduction of technological advances and modern molecular resources will accelerate the pace of implementation of these approaches. This include for instance i) the generalized use of more efficient and inexpensive cloning approaches such as Golden Gate/Golden Braid (Sarrion-Perdigones et al., 2011; ), Gibson (Gibson et al., 2009 ) and AQUA (Beyer et al., 2015) , in combination with DNA synthesis and computational tools for construct and network design (reviewed in Liu and Stewart, 2015b) ; ii) development of vectors with improved regulatory features for optimized gene expression and engineered to carry several gene cassettes for introduction of multigene complex networks (Ullrich et al., 2015; Jirschitzka et al., 2013) ; iii) more efficient transformation technologies, in particular for non-model or difficult to engineer plants; and finally iv) innovative molecular reporters and high throughput technologies for the generation of quantitative data. The implementation of mathematical modelling to the experimental design, as well as to the analysis of the quantitative data obtained, is essential to generate a comprehensive picture of regulatory networks of increasing complexity and is currently gaining relevance in the field (Rausenberger et al., 2011; Middleton et al., 2012; De Rybel et al., 2014) . We will witness in the next years the blooming of optogenetic applications as it is already occurring in prokaryotes, yeast and animal research. The control of cellular processes by light provides unmatched spatiotemporal resolution, fast switch-like characteristics, quantitative control and reduced invasiveness constituting these systems most promising tools for performing signalling studies in planta (Müller et al., 2014b) .
Synthetic biology can also contribute to the development of useful biotechnological applications including (semi) synthetic signalling and metabolic pathways with additional functionalities. For instance, by the wiring and modular assembly of natural and synthetic cellular receptors of metabolites with the transcription machinery, it is feasible to construct environmental sensors or applications for soil bioremediation (Antunes et al., 2011; reviewed in Liu et al., 2013 and Zurbriggen et al, 2012) . Interesting examples of successful synthetic metabolic applications are the introduction of biosynthetic pathways for the synthesis of halogenated alkaloids for the production of biopharmaceuticals in medicinal plants, and the relocalization from the endoplasmic reticulum to the chloroplast of pathways for the highly efficient production of defence secondary metabolites (Runguphan et al., 2010; Nielsen et al., 2013) .
Synthetic biology is a multidisciplinary field, profiting from the synergistic interactions between scientists with a wide range of expertise, from molecular, structural and developmental biologists, biochemists and physiologists up to physicists, engineers and mathematical modelers. Therefore, the implementation of synthetic biology strategies requires a change in the current paradigm of experimental design and technological assets. This might entail a certain activation energy to be invested to overcome the reluctance to introduce innovative concepts and theoretical-experimental approaches in the research lines. This is both risky and demanding, but as already experienced in other fields, most rewarding in terms of the kind of biological questions that can potentially be answered in the near future and the prospects for biotechnological applications.
Figure legends
Figure1: Strategies for synthetic plant signalling study. Representation of a typical signalling network, from signal perception and processing up to the gene expression response. The synthetic tools as well as orthogonal platforms mostly used for plant signalling studies, and the different intervention points within the regulatory network are indicated: (1) environmental or endocrine signal perception leading to (2) integration and downstream signalling, which drives (3) a gene expression response. In order to study the signal perception and its relay, molecular switches can be implemented for instance to regulate the activity of components by (1A) chemical interaction and (1B) directed degradation (sensors). (2) Signal relay mechanisms are mostly studied in heterologous systems. Gene expression can be manipulated at the level of (3A) transcriptional regulation that can be controlled by the use of (3B) novel chemically or light-regulated (optogenetics) synthetic switches, and (3C) gene editing and chromatin modification (epigenetics). (3D) A post-transcriptional control is possible with non-coding RNAs. The icons depict the orthogonal platforms used to study signalling networks described in this review: lower and higher plants, yeasts, Xenopus, in vitro systems, and mammalian cells. lncRNA: long non-coding RNA; mRNA: messenger RNA; sRNA: small RNAs; TF: Transcription factor. 
